neurons. We also examined whether the increased numand the proportion of neurons within columnar subclasses at limb (brachial) and trunk (thoracic) levels of ber of motor neurons generated at limb levels of the spinal cord (Oppenheim et al., 1989 ) is also a consethe spinal cord ( Figures 1A-1C ). This analysis was performed by monitoring LIM homeodomain (LIM-HD) proquence of local retinoid signaling from LMC neurons.
Our results support a role for motor neuron-derived tein expression at stage 19, during the peak period of motor neuron generation, and at stage 29, after the proretinoid signaling in both these aspects of motor neuron differentiation. LMC neurons selectively express RALDH2 duction of all motor neurons but before the onset of motor neuron cell death (Hamburger, 1977; Hollyday and mRNA and protein. RALDH2 can convert inactive retinoid precursors into retinoids that function in a non-cell Hamburger, 1977) . At stage 19, the total number of Isl ϩ motor neurons generated at brachial and thoracic levels autonomous manner to increase motor neuron number and to induce a lateral LMC phenotype. Retinoic acid was similar (Table 1 legend), whereas at stage 29, there was a 38% increase in motor neuron number at brachial receptor antagonists block both the retinoid-induced increase in motor neuron number and the generation of compared to thoracic levels (Table 1 ). This finding is consistent with previous estimates based on histology lateral LMC neurons. Taken together, our results suggest that neuronally released retinoids coordinate the (Oppenheim et al., 1989) . At stage 29, lateral LMC neurons constituted ‫%04ف‬ of all LMC neurons and ‫%03ف‬ number, subtype identity, and timing of motor neuron differentiation at limb levels of the spinal cord.
of the total number of brachial motor neurons ( Table 1) .
Comparison of the number of motor neurons allocated to each columnar subclass at brachial and thoracic levResults els also suggested that the extra motor neurons generated at brachial levels are destined to populate the LMC The Number and Subtype Identity of Motor Neurons Differ at Brachial and Thoracic (Table 1) . At brachial levels, prospective lateral LMC neurons Levels of the Spinal Cord To begin to examine the development of LMC neurons, extinguish Isl1 and initiate Lim1 expression from stage 21 as they begin to migrate past earlier-born neurons we compared the number of motor neurons generated al., 1998; data not shown). Thus, an enhanced number thoracic explants demonstrating that the rostrocaudal identity is of motor neurons is generated at brachial levels, and maintained. In (B) and (C), the S17 gene was used as control. PCR many LMC neurons acquire a distinct lateral identity.
analysis was carried out with (ϩ) or without (Ϫ) reverse transcriptase. Similar results were obtained in three experiments.
Selective Expression of RALDH2 by LMC Neurons
To begin to define the contribution of retinoid signaling RALDH2 expression distinguishes developing LMC neuto motor neuron differentiation, we examined the pattern rons from other somatic or visceral motor neurons; and of expression of RALDH2 in the developing spinal cord.
(3) RALDH2 expression precedes the appearance of At brachial levels, RALDH2 expression is first detected Isl2 ϩ , Lim1 ϩ lateral LMC neurons. at stage 19 ( Figure 1J ), and at this and subsequent stages, expression in the ventral spinal cord appeared to be restricted to motor neurons ( Figures 1J-1O ). By
The Rostrocaudal Distinction in Motor Neuron stage 27, when the MMC and LMC have segregated, Identity Is Maintained In Vitro expression of RALDH2 is restricted to LMC neurons
The selective expression of RALDH2 by LMC neurons (Figures 1N and 1O ; data not shown). Within the LMC, permitted us to determine whether the distinction in RALDH2 was expressed by both medial and lateral LMC the columnar identity of motor neurons generated at neurons ( Figures 1N and 1O) . A similar LMC-specific brachial and thoracic levels is maintained in vitro. To pattern of RALDH2 expression was detected at lumbar test this, the ventral third of the neural tube was isolated levels (data not shown). Consistent with the restriction from brachial or thoracic levels of stage 14 embryos of RALDH2 expression to LMC neurons, no expression (Figure 2A ), including the floor plate as a source of Sonic of the gene was detected in motor neurons at thoracic hedgehog (Shh) required for motor neuron differentialevels ( Figures 1P-1U ). The expression of RALDH2 in tion (Ericson et al., 1996) . At this stage, no motor neurons motor neurons at brachial and lumbar levels persisted have been generated (Hollyday and Hamburger, 1977) , until at least stage 35, although from stage 29 onward, but the rostrocaudal identity of neural tube cells is stabiexpression gradually became restricted to specific molized (Ensini et al., 1998) . These ventral/floor plate ([vf]) tor neuron pools ( Figure 1O ; data not shown). The only explants were grown for 60 hr, and the expression of other site of RALDH2 expression in the spinal cord was RALDH2 was analyzed by RT-PCR. Cultured brachial in the roof plate, both at limb ( Figures 1N and 1O) and [vf] explants expressed RALDH2 at a level similar to that nonlimb levels ( Figures 1T and 1U) .
detected in the ventral region of the brachial spinal cord These selective results show that (1) RALDH2 expresat stage 25 ( Figure 2B ). In contrast, cultured thoracic sion is initiated during the early phase of motor neuron generation at brachial levels of the spinal cord; (2) [vf] explants did not express RALDH2 ( Figure 2C , lanes synthesis of RA by RALDH2. To examine further the involvement of RALDH2 activity in the control of motor neuron number, we exposed thoracic [vf] explants, which do not express RALDH2, to Rol or RA and measured the number of Isl ϩ motor neurons. In contrast to results obtained with brachial level explants, exposure of thoracic [vf] explants to Rol did not increase motor neuron number ( Figure 3B ), whereas RA similarly induced an ‫%06ف‬ increase in Isl ϩ motor neurons ( Figure  3B ). Taken together, these results provide evidence that (1) retinoids increase the number of motor neurons; (2) the increase in motor neuron number detected after exposure of brachial [vf] explants to Rol is correlated with the synthesis of active retinoids by RALDH2 activity; and (3) the apparent requirement for RALDH2-generated retinoids can be overcome by exogenous RA.
We by ‫%54ف‬ ( Figure 3D ). Thus, the retinoid-induced inincreased the total number of Isl ϩ motor neurons (Con, 121 Ϯ 7;  crease in motor neuron number at brachial levels apRol, 260 Ϯ 11; RA, 248 Ϯ 9, mean ϩ SEM, n ϭ 5).
pears to result from an increase in the number of progen- 
Retinoids Induce Lateral LMC Neurons In Vitro
Two to three sections were counted in each of five to ten explants. Figure 3A ; data not shown). Moreover, these Lim1 ϩ motor neurons coexpressed Isl2 retinoic acid; or with all-trans retinoic acid (RA; 100 nM). Table 2 ), indicating that are deprived of the metabolic substrate required for 4K , and 4N), whereas explants grown with RA generated many We next addressed whether retinoids can also induce tube explants grown alone contained Isl1 ϩ D2 neurons (Liem et al., 1997) , but Lim1 expression was not induced in these neurons by Rol or RA ( Figures 4O, 4R-4T) . Thus, number of Isl ϩ motor neurons ( Figure 5B ), whereas LG100268 increased motor neuron number to an extent retinoids appear to induce Lim1 expression selectively in motor neurons. similar to that obtained with RA ( Figure 5B ; see also Figure 3A ). These results suggest that the RXR subclass predominates in the retinoid-induced increase in motor Retinoid Receptor Activation Is Required for the Generation of Lateral LMC Neurons and for neuron number.
To determine whether the induction of lateral LMC the Control of Motor Neuron Number To provide an indication of the subtype of retinoid recepneurons by RALDH2-generated retinoids depends on retinoid receptor activation, we grew brachial [vf] extors that mediate the induction of the lateral LMC phenotype, we exposed brachial [vf] explants to agonists seplants with Rol in the presence of selective RAR and RXR antagonists. Explants grown with either the RAR lective for the retinoic acid receptor (RAR) and retinoid X receptor (RXR) subclasses. The RAR agonist TTNPB antagonist LG100815 or the RXR antagonist LG100849 exhibited a 75%-80% decrease in the number of Isl2 ϩ , (Pignatello et al., 1997 ) produced a marked increase in the number of Isl2 ϩ , Lim1 ϩ motor neurons ( Figure 5A ), Lim1 ϩ neurons ( Figure 5C ). Exposure of [vf] explants to both antagonists blocked the induction of Isl2 ϩ , Lim1 ϩ whereas explants exposed to the RXR agonist LG100268 (Boehm et al., 1994; Lala et al., 1996 ) generated few neurons ( Figure 5C ). These results suggest that RXR as well as RAR signaling is required for the generation of Isl2 ϩ , Lim1 ϩ neurons ( Figure 5A ). These results suggest that the RAR subclass predominates in the induction of the LMC phenotype. We also examined whether RAR and RXR antagonists blocked the Rol-mediated inthe lateral LMC phenotype. Does the same profile of agonist activity operate in the retinoid-induced increase crease in motor neuron number. Exposure of brachial [vf] explants to RXR but not RAR antagonists partially in motor neuron number? TTNPB did not increase the inhibited the Rol-induced increase in motor neuron number ( Figure 5D ). Joint addition of both antagonists almost completely inhibited the Rol-induced increase in motor neuron generation but did not decrease motor neuron number below the value obtained in the absence of Rol ( Figure 5D ). These results provide evidence that endogenous retinoids synthesized in LMC motor neurons by RALDH2 require retinoid receptor activation for the specification of the lateral LMC phenotype and for the enhancement of motor neuron number.
A Critical Period of Retinoid Signaling in the Specification of Lateral LMC Identity
We next examined when the lateral phenotype of LMC neurons is established, focusing on three issues. First, does retinoid signaling specify the lateral LMC phenotype before or after motor neurons have left the cell cycle? Second, are retinoids required for the maintenance as well as the induction of the lateral LMC phenotype? Third, over what period do motor neurons remain competent to respond to the lateral LMC-inducing activities of retinoids?
Two prior observations suggested that retinoids impose a lateral LMC phenotype only after motor neurons have left the cell cycle. First, the lateral LMC phenotype becomes evident between stages 21 and 25 (Figure 1 ), yet lateral LMC neurons leave the cell cycle from stage 18 (Hollyday and Hamburger, 1977; Whitelaw and Hollyday, 1983 ). Second, lateral LMC neurons transiently ex- 14 (Ericson et al., 1996) . Of these early-generated, BrdU motor neurons acquire a lateral LMC identity after they have left the cell cycle. Furthermore, RA induced the lateral LMC phenotype at similar efficiency in early-gennumber of Isl2 ϩ , Lim1 ϩ neurons was decreased by 65%-81% in the absence of Rol (Table 2A) . Addition of Rol erated (BrdU Ϫ ) and late-generated (BrdU ϩ ) motor neurons ( Figures 6F and 6G ), indicating that precocious or RA maintained the lateral LMC phenotype of many or all of these neurons (Table 2A) . However, stage 27 exposure to retinoids can induce a lateral LMC phenotype in early-born motor neurons.
[vf] explants maintained Isl2 ϩ , Lim1 ϩ motor neurons in the absence of Rol (Table 2A) . These results provide Does the maintenance of the lateral LMC phenotype require ongoing retinoid signaling? To test this, we isoevidence that maintenance of the lateral LMC phenotype requires ongoing retinoid signaling over the period that lated brachial [vf] explants at stages when the LIM-HD phenotype of many or all lateral LMC neurons has been these neurons are migrating to their lateral position. Moreover, since all brachial motor neurons are postmiacquired ( Figures 1F-1H ) and grew them in the absence of Rol for 24 hr. In stage 23 and 25 [vf] explants, the totic at stage 25 (Hollyday and Hamburger, 1977) , these results provide additional evidence that the lateral LMC lateral LMC neurons ( Figures 7B and 7C ). This finding thus leaves open the possibility that the lateral LMC phenotype is controlled by retinoid signaling after motor neurons have left the cell cycle.
phenotype might be acquired in response to a cell-intrinsic retinoid activity rather than to a nonautonomous To define the period over which motor neurons remain competent to respond to retinoids with the generation signal provided by early-born LMC neurons.
To distinguish between these possibilities, we examof the lateral LMC phenotype, we added RA to thoracic [vf] (Figures 7E-7H ). These Isl2 ϩ , Lim1 ϩ motor neurons (Table 2B) . However, by stage 24, a time when the generation of motor neurons is virtually comneurons did not express RALDH2 (Figures 7F-7H ; arrows), suggesting that their lateral LMC phenotype has plete (Prasad and Hollyday, 1991) , few if any Isl2 ϩ , Lim1 ϩ motor neurons were induced by RA (Table 2B) . Thus, not been acquired through cell-intrinsic RALDH2 activity. Many of the motor neurons that were located in motor neurons lose the competence to respond to retinoids with the generation of a lateral LMC phenotype.
an even more medial position, distant from RALDH2 ϩ neurons, will populate the lateral LMC, but at this stage these neurons expressed Isl1/2 but not Lim1 (Figures Nonautonomy of RALDH2-Dependent Induction of Lateral LMC Neurons 7E-7H). These observations support the idea that the lateral phenotype of LMC neurons is acquired by virtue We next addressed whether motor neuron-derived retinoid activity acts in a non-cell-autonomous manner. We of their proximity to a RALDH2-dependent signal provided by earlier-born LMC neurons. first localized RALDH2 in developing motor neurons. The pattern of RALDH2 expression coincided with that If RALDH2 activity indeed confers a non-cell-autonomous signal, misexpression of RALDH2 in vivo might be of RALDH2 (Figures 7A-7D ) and was detected in both Isl1 ϩ , Isl2 ϩ medial LMC neurons and in Isl2 ϩ , Lim1 ϩ predicted to induce a lateral LMC phenotype in adjacent motor neurons. To test this, we used a retroviral vector possibility that retinoid activity in LMC neurons induces the secretion of a downstream factor. to misexpress RALDH2 within the neural tube and examined the phenotype of motor neurons that differentiated
In the absence of RALDH2 activity, the number of motor neurons generated in vitro at brachial and thoat thoracic levels, a region normally devoid of lateral LMC neurons ( Figure 7N ; Ensini et al., 1998) . In regions racic levels of the neural tube is similar. This result suggests that spinal motor neuron number is controlled by of the thoracic spinal cord where ectopic expression of RALDH2 was detected ( Figure 7I ), many Isl ϩ , Lim1 ϩ motwo sequential programs. An early RALDH2-independent program appears to specify a basal number of tor neurons were induced (Figures 7J and 7K ). Moreover these neurons expressed Isl2 and not Isl1 (Figures 7K motor neurons that is constant at thoracic and brachial levels of the neural tube. This early program depends and 7L). This result shows that deregulation of RALDH2 expression in vivo is sufficient to generate motor neucritically on the level of Shh signaling activity in the ventral neural tube (Ericson et al., 1997) . Superimposed rons with a lateral LMC phenotype at nonlimb levels of the spinal cord.
on this early program, however, appears to be a later, RALDH2-dependent, and limb-level-specific enhanceThis finding permitted us to examine the spatial relationshipbetween cells that ectopically expressed RALDH2 ment in motor neuron generation. The independence of these two programs is supported by the finding that and the position of the motor neurons that were induced to express a lateral LMC phenotype. Ectopic Lim1 ϩ moretinoid receptor antagonists block the Rol-induced increase in motor neuron number but do not reduce the tor neurons ( Figure 7M , arrowheads) were located close to clusters of RALDH2 ϩ cells ( Figure 7M , arrows), but total number of motor neurons below the basal level. 97% of ectopic Lim1 motor neurons did not themselves express RALDH2 ( Figure 7M ; data not shown). This reRetinoid Signaling and the Control of Motor Neuron Subtype Identity sult shows that RALDH2 expression in vivo generates an inductive activity that acts non-cell-autonomously Functional subclasses of motor neurons in the developing vertebrate CNS can be defined by the combinatobut locally to impose a lateral LMC phenotype on adjacent motor neurons.
rial expression of LIM homeobox genes (Tsuchida et al., 1994; Appel et al., 1995; Varela-Echavarria et al., 1996) . Genetic analysis of LIM homeobox gene function in verDiscussion tebrates and invertebrates has provided evidence for involvement of these genes in early neural patterning, The generation of motor neurons at limb levels differs motor neuron differentiation, and axon pathfinding (Curmarkedly from that at other axial levels of the spinal cord: tiss and Heilig, 1998; Pfaff and Kintner, 1998) . Our results more motor neurons are generated, the LMC subclass of provide evidence that the LIM-HD protein code that demotor neurons is formed, and a subset of LMC neurons fines lateral LMC neurons is established in response to acquires a distinct lateral identity. Our results indicate a RALDH2-generated and LMC neuron-derived source that many of the specialized features of motor neuron of retinoid activity. Thus, the pattern of RALDH2 expresgeneration at limb levels of the spinal cord arise in resion appears to underlie the restriction in generation of sponse to a local source of retinoid activity provided by lateral LMC neurons to limb levels of the spinal cord. early born LMC neurons. We discuss the implications Our results suggest a model (Figure 8 ) in which of these findings for the specification of motor neuron RALDH2 expression by early-born LMC neurons genersubtype identity and number, and more generally for ates a retinoid activity that acts non-cell-autonomously the strategies that coordinate the birth date and identity to impose a lateral phenotype on later-born LMC neuof neurons in the vertebrate CNS.
rons. Two sets of observations support this model. First, the onset of expression of RALDH2 by many late-born, Retinoid Signaling and the Local Control prospective lateral LMC neurons is detected only after of Motor Neuron Number these neurons have begun to coexpress Isl2 and Lim1. The number of motor neurons in the developing spinal This result suggests that retinoid synthesis by late-born cord varies along the rostrocaudal axis, peaking at limb LMC neurons occurs too late to impose the lateral LMC levels (Hamburger, 1977) . This peak results in large part phenotype in a cell-intrinsic manner. Second, misexpresfrom the enhanced generation of motor neurons (Oppension of RALDH2 in vivo is sufficient to induce a lateral heim et al., 1989) independent of any later contribution LMC phenotype in a non-cell-autonomous manner. of cell death to final motor neuron number (Hamburger, The analysis of the retinoid control of motor neuron 1975). The rate of progenitor cell proliferation has also number indicates that retinoid activity in LMC neurons been reported to be enhanced at limb levels in the spinal can act on ventral progenitor cells. In contrast, the accord of amphibian embryos (Coghill, 1933) . Our results quisition of the lateral LMC phenotype in response to suggest that the generation of additional motor neurons retinoids appears to occur after motor neurons have left at limb levels is a consequence of the selective expresthe cell cycle. Moreover, maintenance of the lateral LMC sion of RALDH2 and the subsequent synthesis of retiphenotype requires ongoing retinoid signaling as late as noids by LMC neurons. RALDH2 expression is initiated stage 25, well after the time that brachial motor neurons only after LMC neurons have left the cell cycle, yet its have left the cell cycle (Hollyday and Hamburger, 1977) . activity influences the number of ventral progenitor cells.
Taken together, these results suggest that retinoids Thus, retinoid activity in motor neurons appears to genprovided by early-born LMC neurons act in a non-cellerate a non-cell-autonomous signal that controls ventral autonomous manner to influence sequentially the develprogenitor cell proliferation. The most likely mediator of opment of motor neuron progenitors and postmitotic motor neurons. this signal is a retinoid, although we cannot exclude the the efficiency of induction of the lateral LMC phenotype in these early born motor neurons is similar to that detected for motor neurons generated at later stages. Moreover, exposure of stage 14 brachial [vf] explants to retinoids induced a lateral LMC phenotype within 12 hr, or ‫02ف‬ hr before the appearance of the first lateral LMC neurons in vivo. Nevertheless, retinoids induced only ‫%52ف‬ of motor neurons to acquire a lateral LMC phenotype. The nature of this constraint is not resolved by our studies but appears not to be associated with any specialized feature of LMC neurons, since early exposure of thoracic level motor neurons to retinoids induced the lateral LMC phenotype at a similar efficiency. how the distinction between MMC and LMC neurons is achieved remains unclear. Nevertheless, our results The ability of retinoid receptor antagonists to block show that thoracic level MMC neurons can acquire a the Rol-mediated induction of Isl2 ϩ , Lim1 ϩ motor neulateral LMC phenotype upon retinoid exposure in vitro rons establishes a requirement for retinoid signaling in and after RALDH2 misexpression in vivo. These findings the generation of the lateral LMC phenotype. Activation therefore suggest that the late-acting, RALDH2-depenof RAR signaling appears to be most effective in mediatdent program of lateral LMC generation is separate from ing the retinoid control of motor neuron subtype identity, the early paraxial mesoderm-dependent program that whereas RXR agonists are most effective in enhancing imposes a generic LMC identity. motor neuron number. Both RAR and RXR isoforms are expressed by ventral progenitor cells and by embryonic motor neurons (Yamagata et al., 1984; Ruberte et al., Neuronal Retinoid Signaling, Inside-Out Migration, and the Control of Neuronal Fate 1990; Dollé et al., 1994; Smith, 1994) . Differences in retinoid receptor expression may therefore underlie the The late birth date of lateral LMC neurons requires that they migrate past early-born neurons to reach their final distinct signaling pathways through which retinoids appear to control motor neuron progenitor number and position ( Figure 8B ). What role might this inside-out program of neuronal migration have in the establishment columnar subtype identity.
A model in which retinoids provided by early-born of the lateral LMC phenotype? The detection of lateborn Isl2 ϩ , Lim1 ϩ lateral LMC neurons in positions adja-LMC neurons direct the lateral phenotype of late-born LMC neurons raises the additional issue of why in vivo, cent but medial to early-born RALDH2 ϩ medial LMC neurons provides evidence that proximity with earlyearly-born LMC neurons themselves fail to acquire a lateral LMC identity. One possibility is that by the time born neurons is sufficient to achieve a lateral LMC identity. The failure of late-born LMC neurons to migrate RALDH2 is expressed and generates a sufficiently high level of retinoid activity, early-born, prospective medial past medial LMC neurons might, however, have the consequence that some LMC neurons fail to be exposed LMC neurons are no longer able to respond. Consistent with this possibility, our in vitro studies show that motor to retinoid signals before they lose competence to respond. In this view, the migration of prospective lateral neurons have lost the ability to generate a lateral LMC phenotype by the end of the period of motor neuron LMC neurons through early-born LMC neurons would achieve a rapid intermixing of inductive and responsive generation.
The early exposure of motor neurons to retinoids neurons and ensure that the entire population of late born LMC neurons efficiently encounters a local source would then be expected to result in the precocious differentiation of lateral LMC neurons. sion of RALDH2 persists in the LMC but becomes restricted to specific motor neuron pools (our unpublished BrdU Incorporation observations). It is possible, therefore, that motor neuFor progenitor cell proliferation, explants were pulse-labeled for 1 ron-derived retinoid signals have a later role in motor hr with 10 M BrdU after 23 hr. For analysis of motor neuron identity, neuron subtype diversification, perhaps contributing to explants were labeled with 1 M BrdU continuously for 48 hr in the presence of 100 nM RA. BrdU incorporation was detected with an the pool identity of LMC neurons (Landmesser, 1978) .
anti-BrdU antibody (Becton Dickinson).
Inside-out programs of neurogenesis are prominent in many regions of the vertebrate CNS, notably in the Retrovirus Injections mammalian cerebral cortex (Hatten, 1993; McConnell, cRALDH2 was subcloned into the RCAS(B) replication competent 1995). Recent gene targeting studies have identified provector (Morgan and Fekete, 1996) , and viral stocks were prepared teins involved in the radial migration of embryonic neufrom infected chick embryo fibroblasts. Viral infections were performed on stage 4-5 embryos that were permitted to develop until rons in the cortex and other regions of the mouse CNS stage 25. (Pearlman et al., 1998) . It remains unclear whether these proteins have a role in the migration of LMC neurons,
